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Molecular cloning and sequencing showed that Mycoplasma gallisepticum, like Mycoplasma capricolum,
contains both tRNAUCA and tRNACCA genes, while Mycoplasma pneumoniae and Mycoplasma genitalium each
appear to have only a tRNAUCA gene. Therefore, these mycoplasma species contain a tRNA with the anticodon
UCA that can translate both UGA and UGG codons.
Although UGA is a stop (opal) codon in the universal
genetic code, exceptions have been found in mitochondria
(for example, see references 2 and 9) and, most recently, in
a caprine-ovine mycoplasma, Mycoplasma capricolum (15).
In both cases, UGA as well as UGG codons are translated as
tryptophan. The molecular basis for this translation in mito-
chondria is the presence of a single tRNA with the anticodon
UCA, which can translate both UGA and UGG, while M.
capricolum contains two tRNA species with the anticodons
UCA and CCA.
Our initial efforts to clone and express the P1 attachment
protein gene (mpp) of Mycoplasma pneumoniae in Esche-
richia coli indicated that P1 sequences were not fully ex-
pressed in this host because of termination at UGA codons
(3, 12). The precedent set by M. capricolum suggested that
M. pneumoniae might also read UGA as a tryptophan codon
rather than as a stop codon. Since the tRNAUCA and
tRNACCA genes of M. capricolum are highly homologous
(78% identity [15]) and since both resemble tRNACCA of E.
coli, it seemed feasible to use them as hybridization probes
to see if M. pneumoniae contained a tRNAUCA to translate
UGA codons. The success of this approach led us to extend
this analysis to another human mycoplasma, Mycoplasma
genitalium, as well as an avian mycoplasma, Mycoplasma
gallisepticum. (Preliminary reports on these findings have
been presented at the 7th International Congress of the
International Organization for Mycoplasmology, Baden,
Austria, June 1988.)
M. pneumoniae M-129 (ATCC 29342), M. genitalium G-37
(ATCC 33530), and M. gallisepticum PG-31 (ATCC 19160)
were grown in Hayflick medium as previously described (4),
and their DNAs were isolated by standard methods (8).
DNA blot hybridizations (8) were carried out at 30°C with
nitrocellulose (Millipore Corp., Bedford, Mass.) or Gene-
Screen (Dupont, NEN Research Products, Boston, Mass.)
membranes in a solution containing 50% formamide and a
DNA probe labeled with [a-32P]dATP. The membranes were
washed at 25°C in 2x SSC (lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate) plus 0.1% sodium dodecyl sulfate
and then with 0.1x SSC. These conditions would permit
about 30% base mismatch as calculated by the formula
described by Ausubel et al. (1).
* Corresponding author.
The search for a tRNAUCA gene in M. pneumoniae was
initiated by looking for homology between the cloned
tRNAUCA and tRNAccA genes of M. capricolum and cellu-
lar DNA from M. pneumoniae. The 611-base-pair (bp) AluI
fragment of pMCH964 (15), which contains the tandemly
arrayed tryptophan tRNAUCA and tRNACcA genes of M.
capricolum, was used as the probe in Southern blot analyses
of M. pneumoniae DNA. The probe hybridized to discrete
restriction fragments (data not shown), permitting the
straightforward approach of cloning appropriately sized frag-
ments of M. pneumoniae DNA in E. coli vectors and
identifying recombinants by hybridization. Restriction frag-
ments were purified from agarose gels with a Geneclean kit
(BIO 101, Inc., La Jolla, Calif.) and cloned by standard
procedures (8) into phage vectors M13mpl8 and M13mpl9
(10) or plasmid vector pGEM-3 blue (Promega Biotec, Mad-
ison, Wis.) with E. coli JM109 (16) or ER1451 (11). In this
manner, two hybridizing fragments, a 703-bp AluI fragment
and a 2.15-kbp Hindlll fragment, were independently
cloned.
The cloned M. pneumoniae DNAs were mapped with
restriction enzymes, and the 703-bp AluI fragment was found
to reside within the 2.15-kbp HindIII fragment. Both the
AluI fragment and relevant subcloned portions of the
HindIII fragment were then completely sequenced (Fig. 1A
and B) as described previously (5). This region was found to
contain a single tRNA gene with the anticodon UCA (Fig.
2A).
The presence of tRNAUCA and/or tRNACCA genes in M.
genitalium and M. gallisepticum was examined by the same
strategy used for M. pneumoniae. Both the 611-bp AluI
fragment containing the tRNAUCA and tRNACCA genes of
M. capricolum and the 496-bp DraI fragment containing the
M. pneumoniae tRNAUCA gene (Fig. 1A) were employed as
probes, and they gave identical results (not shown). The
hybridizing DNA fragments from M. genitalium (AluI, DraI,
and EcoRI fragments of 390 bp, 622 bp, and 5 kbp, respec-
tively) and M. gallisepticum (410- and 850-bp AluI and 5.45-
and 5.75-kbp EcoRI fragments) were cloned in E. coli. These
regions were mapped, and relevant portions of both strands
were sequenced.
The cloned M. genitalium DNA was found to contain a
tRNA gene with the anticodon UCA (Fig. 2B), while the M.
gallisepticum clones contained both a tRNA gene with the
anticodon UCA (Fig. 2C) and one with the anticodon CCA
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A M. pneumoniae tRNAUCA
30 60
ACTTGATATG TTTAGCGTGA TTGTCAGCTT AGAAAAGGAG TTTGACATTA TGTTTGAAGA
90 120
TGAAAAACTG ATGCAGCTCA ATAATCTCGC TGAGTTAATT GCTGAGGTAA AACACCTAAT
150 180SAAGTCAAAAr GGGGTATAGT TCAAAGGTAG AACATCTGTC TTCAAAATAG AGTGTTCTG:;
210 240
GTTCGAGTCC TGCTACCCCT 0CC TAAAG ATTTGGCCTA GTGTTGAATG A0ACTGGGCT
270 AG = -12.8 Kcal/mole 300
TTTTTATTGC TTTGATTCAA TCAATTCAAA GAAGTTGGCG TTTTCCTGAT CACGGAAGGT
B M. genitalium tRNAUCA 210 240
TCTTGCTGAC TTGGTTTTAG AAGTTAAAAA CCTTTTAGCA AAAAAX 9 TATAGTTCA
FIG. 1. Analysis of the tRNAUCA gene region of M. pneumo-
niae. (A) Partial restriction endonuclease map of the 1,139-bp region
containing the tRNAUCA gene. Symbols: EO1, 496-bp DraI fragment
used as a hybridization probe; M, location of the tRNAUCA gene.
Restriction endonucleases: A, AluI, D, DraI; R, RsaI; S, Sau3A; T,
TaqI. (B) Sequencing strategy. Nested deletions of M13 phage
clones were produced with the Erase-a-Base System (Promega). H,
HindIII.
AGGTAGAACA TCTGTCTTCA AAATAGAGTG TTGTGGGTTC GAGTCCTGCT ACCCCTGCCA
330 360
TAAAATATAA AAGCTTAGTAAGTTT CTA AGCTTTTTCA ATCCCCCCAT TCCCCCAACC
AG = -13.4 Kcal/mole
C M. gallisepticum tRNAUCA 30 60
GAATTAGGGA TTGATTCTTT AGATCTGTTC GACATCATTG TTGAATTAGA ATCAGAATTT
90 120
AATATTGAGT TTTCAGATGA AAAGTTGATG AAAATAAAAA CTATAAATGA CTTAATACrT
150 180
TATATTAAAG AGCTGAAAAA GTAGGCT GGGGTGTAGT TCAATGGTAG AACATCGGTC
(Fig. 2D). Additional DNA blot results indicated that the
5.45- and 5.75-kbp EcoRI fragments of M. gallisepticum
DNA, which contained the tRNAUCA and tRNACCA genes,
respectively, are not contiguous in the chromosome.
The nucleotide sequences of the tRNAUCA and tRNACCA
genes of M. pneumoniae, M. genitalium, and M. gallisepti-
cum were compared with each other and with those of
tRNAs (Table 1). Significant homology was found only with
other tryptophan tRNA genes: those of M. capricolum and
E. coli, and, to a lesser extent, those of yeast and Neu-
rospora crassa mitochondria. The hybridization conditions
empirically permitted at least 24% mismatch, since the M.
pneumoniae tRNAUCA gene probe hybridized to the M.
gallisepticum tRNACCA gene (there was no significant ho-
mology between the flanking sequences) (Table 1). It ap-
pears that both M. pneumoniae and M. genitalium contain
only a tRNAUCA gene.
In summary, Yamao et al. (15) have previously demon-
strated that M. capricolum reads UGA as a tryptophan
codon rather than as a stop codon, and so it was of interest
to determine if this unusual codon usage would also be found
in other mycoplasmas. This study shows that like M. capri-
colum, M. gallisepticum has both tRNAUCA and tRNACCA
genes, while M. pneumoniae and M. genitalium appear to
contain only a tRNAUCA gene. Since these tRNA sequences
show significant homology only with tRNAsrP genes from M.
capricolum and E. coli and genes from yeast and N. crassa
mitochondria, we propose that UGA is read as a tryptophan
codon by M. pneumoniae, M. genitalium, and M. gallisep-
ticum. Supporting evidence for this in M. pneumoniae
comes from a comparison of the nucleotide sequence of the
P1 attachment protein gene (mpp [5, 13]) and the N-terminal
amino acid sequence of purified P1 protein (7, 13), in which
UGA corresponds to tryptophan (5, 13). In M. gallisepti-
cum, the UGA codon in the tuf(EF-Tu) gene (J. Inamine, S.
Loechel and P.-C. Hu, manuscript in preparation) occurs at
a position corresponding to tryptophan in the EF-Tu se-
quences of E. coli, Thermus thermophilus, and Euglena
gracilis chloroplasts. Finally, analysis of the nucleotide
sequence of the MgPa attachment protein gene (mgp) of M.
genitalium (6) also suggests that UGA is read as a tryp-
tophan codon in this organism; however, actual amino acid
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TTTTTAAAAA AGACGCAGTG GATGCGTCTT TTTTTTAAAA TTATTAGAAC TTTTTATTAA
AG = -16.4 Kcal/mole
D M. gallisepticum tRNACCA 30 60
ATGATGAAGA AGAAACAACT TCTAATAAAA CACCTCTAAC CGAACCAAAA ATGATCAAAG
90 120
TTAAATTATC AAAAACTAAC AAAGCAACTA CTAAAAACCC TAATGTTGTT AAAAAAGTM
CAATTAGTTA ATAATTGGCT '
150 Igo
TTTTTILGGG GTGTAGTTCA ATGGTAGAAC TAGGGTCTCCAA AG TA ATAA TGGCT '~~~~~~~~~~~~~~~~~~~~&4
71n 240
AAAACCTTC(3 ATGCGGGTTC GATTCCTGTC ACCCCTGCTA TTAACAAGTT AATACAATCT
270 300
AAATCTTGAC ACTGCTTA GTCAAGATAT TTTTGTTATA AGCGTCTTAT TTAGGGGATT
A G - -13.6 Kcal/mole
FIG. 2. Nucleotide sequences of the tRNAUCA or tRNACCA
genes and their flanking regions from M. pneumoniae (A), M.
genitalium (B), and M. gallisepticum (C and D). The coding se-
quences for the tRNAs are boxed, and the anticodon positions are
marked with asterisks. Possible -10 and -35 sequences are under-
lined. Sequences of dyad symmetry that provide for the potential
formation of stable stem-and-loop structures indicative of transcrip-
tion terminators are shown by arrows.
sequence data are necessary to substantiate this. Taken
together, these findings argue for the translation of UGA
codons as tryptophan codons by tRNAUCA species in M.
pneumoniae, M. genitalium, and M. gallisepticum.
These findings are significant because they suggest that the
use of UGA as a tryptophan codon may be ubiquitous among
mycoplasmas (e.g., the class Mollicutes) with the exception
of Acholeplasma species. A single Trp-tRNA species with
the anticodon CCA that can translate only UGG codons has
recently been demonstrated in Acholeplasma laidlawii (14).
It is certainly clear that many genes of M. pneumoniae, M.
genitalium, M. gallisepticum, and M. capricolum will not be
expressed in E. coli or any other organism that adheres to
the universal genetic code because of premature termination
of translation codons. The Mollicutes are a class of diverse
organisms which are important in agriculture, biomedical
research, and human health because they are prevalent
parasites of humans, animals, birds, insects, and plants and
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TABLE 1. Nucleotide sequence identities of tRNA genes'
% Homology to:
tRNA source Mp Mgen Mgal Mgal
tRNAUcA tRNAUCA tRNAuCA tRNACCA
Mp tRNAUCA 100 100 92.0 76.0
Mgen tRNAUCA 100 100 92.0 76.0
Mgal tRNAUCA 92.0 92.0 100 84.0
Mgal tRNAcCA 76.0 76.0 84.0 100
Mc tRNATrp 82.9 82.9 84.2 73.7
Mc tRNATA 77.3 77.3 85.3 82.7
E. coli tRNATr'A 77.6 77.6 82.9 76.3
Yeast mit tRNATpA 67.1 67.1 66.7 63.5
N. crassa mit tRNATrA 65.8 65.8 64.0 61.3
Bovine mit tRNATrA 51.3 51.3 52.0 59.5
E. coli tRNAGAA 53.9 53.9 55.3 53.9
E. coli tRNAcSA 46.7 46.7 49.3 54.7
a Determined with the Beckman Microgenie program. Abbreviations: Mp,
M. pneumoniae; Mgen, M. genitalium, Mgal, M. gallisepticum; Mc, M.
capricolum; mit, mitochondria.
because many of them cause disease. The UGA problem is a
serious consideration in using recombinant DNA techniques
to study the molecular basis for the pathogenesis of these
organisms.
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